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Abstract 
Hydrogels are widely used as biomaterials in biomedicalfields such as in drug delivery systems, cell-based therapies, wound 
dressing, implant materials for soft tissue and anti-adhesion materials due to its unique characteristics.The aim of this project is to 
fabricate UV-crosslinked hydrogel film with the tailored chemical and physical properties that can be utilized as scaffold. Three 
series of UV-crosslinked poly(ethylene glycol) diacrylate/ poly(dimethylsiloxane) dimethacrylate (PEGDA/PDMS-MA) hydrogels 
were fabricatedby exposing the precursor solutions under UV chamber that provides a spectral range of UVA at average intensity 
of 40ܹ/ܿ݉2. Equilibrium swelling ratio (ESR) was found higher in the UV-crosslinked hydrogels that exposed to the UV at shorter 
time, with lower loading of PDMS-MA, and higher molecular weight of PEGDA. The concentration of photoinitiator was found 
to haveinsignificant effect on ESR%. Whereas, dynamic contact angle (DCA) measurement revealed that the hydrophilicity was 
higher forPEGDA UV-crosslinked hydrogels with higher ratio. Besides, dynamic mechanical analysis (DMA)showed that the 
incorporation of PDMS-MA reduced the average value of compressive modulus of the UV-crosslinked hydrogels. Differential 
scanning calorimetry (DSC) analysis showed that lower glass transition temperature (ܶ݃) of PDMS-MA could be related to the 
reduction of stiffness in UV-crosslinked hydrogels. It was found that the fabricated UV-crosslinked hydrogels were suited to 
cartilage tissue engineering application due to similar properties to the cartilage tissue.  
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1. Introduction 
Tissue engineering (TE) is the use of cell, engineering, materials method and suitable biochemical route paths to 
replace and improve biological functions. According to Lavik & Langer, a three-dimensional polymeric scaffold is 
often used to create an environment in which living cells can attach, proliferate, differentiate, and ultimately produce 
new extracellular matrix1. Synthetic polymeric hydrogels have been widely used as tissue engineering scaffolds due 
to higher water absorption capacity, long service life and wide varieties of raw chemical resources, compared to natural 
polymers2. 
Hydrogel products constitute a group of polymeric materials, the hydrophilic structure of which renders them 
capable of holding large amounts of water in three dimensional networks. Extensive employment of these products in 
a number of industrial and environmental areas of application is considered to be of prime importance. Hydrogels are 
widely used as platforms in biomedical applications such as drug delivery systems, cell-based therapies, wound 
dressing and anti-adhesion materials. 
The three-dimensional (3-D) network of hydrogel can be fabricated by means of physical or chemical crosslinking 
method. Chemical crosslinking is often used where stable covalent bonds is formed between polymer chains. The 
formation of these permanent bonds is mediated by suitable crosslinking agents. Particularly, photo-crosslinking, a 
type of chemical crosslinking, is conducted in the presence of an UV-radiation, crosslinking agents and chemical 
photoinitiator. The aim of this project is to fabricate a two-dimensional (2-D) hydrogel samples via UV-radiation with 
tailored chemical and physical properties that can be used as a scaffold material in a specific tissue engineering 
application. Hydrogel used in this project is a copolymer system that formed as a result of photo-polymerization of 
UV-crosslinked poly(ethylene glycol) diacrylate (PEGDA) with poly(dimethylsiloxane) dimethacrylate (PDMS-MA) 
in the presence of 2,2-dimethyl-2-phenyl-acetophenone (DMPA) as photoinitiator.  
PEGDA was selected in this project because the material is highly hydrophilic, biocompatible3,4, non-toxic and 
poorly immunogenic5. One of the highly desired properties is its inherent resistance to protein adhesion that mostly 
cannot be found in other hydrophilic materials. This biological property is attributed to the highly hydrated molecules 
in aqueous solution that allows little time for protein attachments, and the surrounding water molecules hinder other 
molecules to come closer near the polymer surface5. The resistance to protein adhesion allows PEGDA-based 
hydrogels to act as blank slate for cell adhesion, proliferate and grow6. Due to these properties, PEGDA is widely 
investigated and recognized as one of the most successful scaffolding material for tissue engineering application.  
However, one of the main disadvantages of using PEGDA is its low mechanical properties, e.g. soft and fragile7. 
Therefore, PDMS-MA polymer was copolymerized with PEDGA in this project in order to improve the flexibility of 
the PEGDA. However, the ratio of PDMS-MA: PEGDA is very critical due to the hydrophobicity of PDMS-MA could 
reduce the biocompatibility of cell-hydrogel scaffold. 
In this research work, four various parameters were studied to find the optimum properties of UV-crosslinked 
hydrogels. Furthermore, the data established or obtained from this project could possibly be used in 3-D printing to 
fabricate hydrogel scaffolds with specific pores shape and size tailored for a specific tissue engineering application. 
Nomenclature 
ܯܿ Original homo- or copolymer molecular weight before crosslink  
ܯ݊ Molecular weight of polymer chains between two crosslinks  
ܳ݉ Mass swollen ratio  
ܶ݃ Glass transition temperature 
ܹ݀ Weight of dried gels  
ܹݏ Weight of swollen gel in equilibrium 
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2. Materials and methods 
2.1. Materials 
2,4,6,8-tetramethylcyclotetrasiloxane (D4H), octamethylcyclotetrasiloxane (D4), trifluoromethanesulfonic acid 
(triflic acid) and hexamethyldisiloxane (ES), platinum (0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution 
(Karstedt’s catalyst, 2 wt % in xylene) and allyl methacrylate (AMA), polyethylene glycol diacrylate with molecular 
weight (ܯ݊) of 700 g/mol, 2000 g/mol and 6000 g/mol respectively; photoinitiator 2,2-dimethyl-2-phenyl-
acetophenone (DMPA) and 1-vinyl-2-pyrrodinone (NVP) were purchased from Sigma-Aldrich. Toluene was 
purchased from J.T Baker. All chemicals were used as received. 
 
2.2. Preparation of PDMS-MA solution 
PDMS-MA was prepared in two synthetic steps. First, polydimethylsiloxane (PDMS) was first synthesized by 
cationic ring opening polymerization (CROP) using acid catalyst to produce hydrosilyl-pendant PDMS. A 300 ݈݉ of 
round bottom flask was continuously purged with nitrogen gas and equilibrated in an oil bath at 55°C. 20g of 
octamethylcyclotetrasiloxane (D4), 2g of 2,4,6,8-tetramethylcyclotetrasiloxane (D4H) and 0.4g of 
hexamethyldisiloxane (ES)were charged in the flask and stirred vigorously at 250-300 rpm until homogeneous 
solution was formed. Molecular weight of PDMS was controlled by fixed amount of ES. Concentrated triflic acid was 
slowly added into the mixture and the reaction was equilibrated for 72 hours.  
The acidic mixture was cooled at room temperature before dissolving in toluene and neutralized repeatedly using 
deionized water until pH 7 was achieved. After the mixture was neutralized, oil and water were separated overnight. 
Small amount of anhydrous magnesium sulphate was added and the mixture was left for 1 hour and subsequently 
filtered through glass wool. Toluene and unreacted monomer were evaporated under reduced pressure for 2 hours at 
85 °C at 30-40 rpm. A clear solution was formed and collected. 
In the second step, the reaction of platinum-catalyzedhydrosilylation of PDMS with allyl methacrylate (MA) was 
carried outto yield PDMS-MA. PDMS (7.5 g), allyl methacrylate (4.65 g) and toluene (15 mL) were charged in a 100 
mL three neck round bottom flask and the mixture was heated to 57°C, with continuously purged nitrogen gas. Then, 
Karstedt’s catalyst (5.25 μL) was added via micro-pipette. The progress of the reaction was monitored with IR 
spectroscopy until disappearance of the Si-H (~2125 cm-1) transmission peakwhich confirmed the occurrence of 
hydrosilylation. Then, the volatiles were removed from the reaction mixture under reduced pressure for 2 hours at 60 
°C at 90-100 ppm. 
2.3. Preparation of hydrogel samples 
Three series of hydrogel samples were fabricated by varying the parameters as shown in Table 1 (note that the 
highlight indicates constant variables used for each series). Hydrogels were prepared by photo-polymerization of 
aqueous mixtures of PEGDA and PDMS-MA solutions. A total 10 μL of photoinitiator DMPA (30 wt % of DMPA 
in NVP solution) was added per 1 mL of the aqueous solution.PDMS-MA and photoinitiator solution were 
sequentially added into an aqueous solution of PEGDA and was subjected with the vortex motion for 5 minutes. 
Planar hydrogel samples (1.00 mm thick) were prepared by pipetting the precursor solution between two 
microscope slides (25.4x76.2 mm2)separated by polycarbonate spacers. These hydrogels were synthesized via 
chemical crosslinking method using a UV curing system (Philip UVA). This particular UV chamber is a controlled 
radiation source with 6 UV-tubes that provides a spectral range between 315-400 nm at average intensity of 40 
ܹȀܿ݉2. 
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Table 1.Hydrogel samples fabricated at various testing parameters. 
 
Series 
 
Manipulated 
Variable 
 
Variation Constant variable Sample 
code 
Curing time: 
1.5 mins 
 PEGDA: 
PDMS-MA: 
95:5 
Concentration of 
photoinitiator: 
10 wt % 
Mnof PEGDA 
solution: 
0.7 kg/mol 
1 Curing time 
(minutes) on 
each ratio of 
PEGDA to 
PDMS-MA 
99:1 1.5     A1 
5 A2 
10 A3 
95:5 1.5     A4 
5 A5 
10 A6 
90:10 1.5     A7 
5 A8 
10 A9 
2 Concentration of 
photoinitiator 
solution, wt % 
10     B1 
20 B2 
30 B3 
3 Molecular 
weight of 
PEGDA 
solution, kg/mol 
0.7     C1 
2.0 C2 
6.0 C3 
 
2.4. Sample characterization 
Fourier transform infrared (FTIR) spectra of the prepared hydrogel sheets were recorded using transmittance mode 
with the wavelength range of 4000-550 cm-1. Prior to measurements, the dried sheets were crushed into fine powder. 
Samples B1, B2 and B3 were characterized and the spectra were compared to that of pure PDMS-MA (6800 ݃Ȁ݉݋݈) 
and pure PEGDA (700 ݃Ȁ݉݋݈). 
Gravimetric method was used to determine the equilibrium swelling ratio (ESR) of the hydrogel sheets. Hydrogel 
samples with thickness of 1 mm were cut into (1 x 1) cm2 pieces and the weight of dried samples was determined 
(ܹ݀). The dried samples were soaked in distilled water in the vials at room temperature. The swollen hydrogel samples 
weight weretaken at various time points at time interval of 24, 48 and 72 hours until equilibrium swelling was 
achieved. ESR was defined as Equation 1. 
 
    Swelling ratio= ܹݏǦܹ݀Ȁܹ݀,                                                                                                                                 (1) 
 
Where ܹݏ is the weight of the water-swollen hydrogel at room temperature and ܹ݀ is the weight of the dried 
hydrogel. All series of hydrogels underwent the ESR test.  
 
Contact angle of hydrogels were measured by using a Data Physics Dynamic Contact Angle Measuring Instruments 
and a Tensiometers (DCAT 11). A complete cycle is composed of two parts: wetting and de-wetting process. With 
5mm depth profile, advancing contact angle, ߠܽ was measured by immersing a solid plate into a liquid, and receding 
contact angle, ߠݎ was measured after withdrawing the solid plate from the liquid, at a constant speed. Dynamic contact 
angle is measured at five consecutive cycles for each sample. The contact angle ߠ can be calculated from the measured 
force, F (a force sensor is attached to the plate) with known surface tension, ߪ (72.75 ݉ܰ⁄݉) and by transposing the 
Wilhelmy equation.  
Dynamic modulus (G*) of hydrogel samples were measured in the large compression mode using a dynamic 
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mechanical analyzer (Mettler Toledo with Stare evaluation software) equipped with a steel-made parallel plate 
compression clamp. Three discs (10 mm diameter) were prepared from planar sheet hydrogels. A hydrogel disc was 
clamped between the parallel plates. The samples were tested in temperature sweep mode with 1Hz from 17 ºC to 57 
°C at a heating rate 2º C/min. The force amplitude and displacement amplitude used are 0.5 N/m and 50 μm 
respectively. Results reported are based on the average of three individual specimens. Only samples A1, A4 and A7 
were characterized by DMA in this project. 
Finally, glass transition temperature (ܶ݃) was determined by differential scanning calorimetry (DSC). It was 
performed using a DSC 1 Mettler Toledo apparatus coupled with a Mattler Toledo STARe software. The test 
specimens of weigh in the range of 5-10 mg were sealed in 40 μL aluminum capsules with a hole at lid top. At a 
heating rate of 2º C, the samples were subjected to thermal cycle from -70 ºC to 0 °C under vacuum.  
3. Results and discussion 
3.1. Chemical bonding characterization via Fourier Transform Infrared Spectroscopy  
Chemical reaction between PDMS and allyl methacrylate was confirmed by FTIR. The hydrosilylation of each Si-
H group with allyl methacrylate in the PDMS molecular chain catalyzed by platinum has converted them into 
photosensitive methacrylate groups with active (-C=C-) double bond sites. The chemical reaction was confirmed by 
the reduction of the Si-H transmission peak at 2125 cm-18 in the FTIR spectra, from 90.00 % to 97.35 %, as shown in 
Figure 1. Besides, the appearances of C=C and C=O transmission peak at 1640 cm-19(94.35 %) and 1725cm-19(74.35 
%) confirmed the addition of the acrylate group into PDMS molecular chain. 
After photo-polymerization, the height of C=O peaks (1725 cm-1) for those UV-crosslinked hydrogels decreased 
unnoticeable indicating light intensity was not strong enough to damage these bonds. Besides, small increment of -C-
O-C- peaks (1110 cm-1) after photo-polymerization supported the hypothesis in which small amount of –C=O bonds 
have been destroyed and formed new –C-O-C- bonds. Whereas, FTIR spectrum did not show obvious peak for double 
bonds in acrylates indicated that most of the -C=C- bonds have been polymerized. This is because bonding energy for 
-C=C- bonds is much lower, as compared to –C=O bonds10. The FTIR spectra of the PEGDA, PDMS-MA and the 
UV-crosslinked hydrogels with various formulation parameters (B1, B2 and B3) are shown in Figure 1. 
 
       (a)                              
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Fig. 1.(a) FTIR spectra of PDMS and PDMS-MA solution; (b) FTIR spectra of PDMS-MA, PEGDA and B1 to B3 UV-crosslinked hydrogels. 
3.2. Physical Properties Evaluation via Percentage of Equilibrium Swelling Ratio (ESR %) 
Fig. 2 (a) obviously showed that ESR % of the 99:1 (PEGDA: PDMS-MA) UV-crosslinked hydrogels was higher 
when curing times was shorter, i.e. 53.9 %, 46.6 % and 39.3 % in 1.5, 5 and 10 minutes. In general, higher ESR % 
(~65%) would prefer for soft tissue, e.g. human articular cartilage7. PEGDA crosslinker will play its role to control 
ESR percentage because it is a hydrophilic material, while PDMS-MA solution is hydrophobic in nature. Lower ESR 
% of the 90:10 UV-crosslinked hydrogels were mainly attributed to the overwhelming of the hydrophobic effect to its 
role of flexibility in PDMS-MA solution. Although the 90:10 UV-crosslinked hydrogels were more flexible, its water 
permeability becomes lower due to lower number of hydrophilic site for water attachment. 
Whereas, the concentration of photoinitiator used in this project was 10, 20 and 30 weight percent respectively. 
Fig. 2 (b) obviously revealed that ESR % of the formulated hydrogels did not show big changes as the concentration 
of the photoinitiator was varied; from 45.5 %, 43.6 % to 44.0 %. This is because the number of active photosensitive 
group in the precursor solutions has become a saturating factor. Therefore, it is believed that concentration of 
photoinitiator has negligible effect on the swelling ratio of hydrogels. 
The molecular weights of PEGDA used in this project were 700, 2000 and 6000 g/mol respectively. As the 
molecular weight of PEGDA increased, the resulting hydrogels formed should be tougher. This is because longer 
molecular chains that formed between tie points have larger contact area to bear the external load and possess higher 
freedom to undergo molecular relaxation. Therefore, its molecular chain should be more flexible. Besides, improved 
flexibility increased water uptake capability and ESR %. Besides, higher ESR % of the 2000 and 6000 g/mol hydrogels 
can be explained by increased number of hydrophilic site for water uptake (adhesion) in those longer molecular chains. 
           (b)                                                                                                                        
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Fig. 2. (a) Effect of curing time and ratio of PEGDA to PDMS-MA on the ESR %; (b) Effect of concentration of photoinitiator on ESR %; (c) 
Effect of molecular weight of PEGDA on ESR %. 
3.3. Evaluation of Hydrophilic Properties via Dynamic Contact Angle (DCA) measurements 
Contact angle measurement gives information on the wetting properties of the UV-crosslinked hydrogels. The 
lower the value of contact angle, the higher the hydrophilicity of the UV-crosslinked hydrogels. However, dynamic 
contact angle measurements provide two type of contact angles, which is advancing contact angles (ߠܽ) and receding 
contact angles (ߠݎ). The former contact angle is normally used due to the experimental advancing contact angle 
ߠܽmight be expected to be a good approximation of Young contact angle ߠ11,12and experimental receding contact 
angle ߠݎ is found to have less reproducibility due to liquid sorption or solid swelling13. However, the receding contact 
angle was selected to determine the wetting properties of UV-crosslinked hydrogels. This is because the advancing 
contact angle gave abnormal result on the other way rounds. Receding contact angle would be a good approximation 
of Young contact angle ߠin this experimental work. Fig. 3 showed that pure PEGDA UV-crosslinked hydrogels has 
lower receding contact angle which is true as it is well-known hydrophilic material. Therefore, the lower the contact 
angles of UV-crosslinked hydrogels, the better the wetting properties of UV-crosslinked hydrogels. Therefore, 
adjustment of PEGDA ratio is important to counterbalance its hydrophilic properties (water wettability) and 
mechanical properties in designing a customized UV-crosslinked hydrogel.  
 
 
Fig. 3. Advancing and receding contact angle of 0:100, 95:5 and 100:0 UV-crosslinked hydrogels. 
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3.4. Evaluation of Compressive modulus via Dynamic Mechanical Analysis (DMA) 
Fig. 4 illustrates the variation of compressive modulus of UV-crosslinked hydrogels based on ratio of PEGDA: 
PDMS-MA. The value of compressive modulus was lower in a formulation with higher content of PDMS-MA (90:10 
UV-crosslinked hydrogels). This is because PDMS-MA with lower ܶ݃possesses larger freedom with capability to 
decrease the stiffness of hydrogels. PDMS-MA tends to absorb the external load and distributes the load 
homogeneously throughout the hydrogels, and hence, enhances its toughness but sacrifice the stiffness simultaneously. 
Therefore, the counterbalance between stiffness and toughness can be tailored by formulating the ratio of PEGDA to 
PDMS-MA. In general, lower compressive modulus is preferred in cartilage tissue engineering application (~1.9-14.4 
MPa)14. 
 
 
Fig. 4. Dynamic compressive modulus of 99:1, 95:5 and 90:10 UV-crosslinked hydrogels. 
3.5. Evaluation of Thermal Properties via Differential Scanning Calorimetry (DSC) 
Lower glass transition temperature (ܶ݃) of 90:10 PEGDA:PDMS-MA UV-crosslinked hydrogels was attributed to 
the higher loading of PDMS-MA. The flexibility of PEGDA-based hydrogels is originated from both PDMS-MA and 
PEGDA macromolecules. Both macromolecules have relatively lowܶ݃that contributes to its flexibility. However, 
PDMS-MA owned its lower ܶ݃ and exceptional flexibility due to two main structural features which is the relatively 
long Si-O main chain bonds and Si-C substituent linkages and the alternation of the Si-O-Si and O-Si-O bond angles 
along the backbone chains15.One can predict the physical properties of UV-crosslinked hydrogels from ܶ݃ where lower 
ܶ݃should have improved toughness and higher water permeability (ESR %). However, the ܶ݃ seems similar for both 
A4 and A7 UV-crosslinked hydrogels because large portion of PEGDA overshadows the ܶ݃of PDMS-MA. 
 
 
Fig.5. DSC curves of UV-crosslinked hydrogels. 
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4. Conclusion 
Three series of PEGDA/PDMS-MA hydrogels were fabricated via photo-polymerization process by varying its 
curing time, ratio of PEGDA to PDMS-MA, concentration of photoinitiators and molecular weight of the PEGDA 
crosslinker. It was predicted that higher crosslinked network structure was developed in the UV-crosslinked hydrogels 
that cured with longer time. Hence, the smaller free volume in the network restricted the uptake of water and reduced 
its ESR %. Whereas, higher loading of PDMS-MA solution in 90:10 UV-crosslinked hydrogels reduced ESR % due 
to the reduction of hydrophilic site for water attachment. Interestingly, concentration of photoinitiators shows 
negligible effect on ESR % due to saturating factor of functional groups in precursor solution. Contact angle 
measurement shows the increased of PEGDA within hydrogels formulation resulted in the decreased of contact angle 
indicating higher hydrophilicity and render more water which is important in tissue engineering application. In 
addition, the effect of PEGDA: PDMS-MA ratio on the mechanical integrity was studied by DMA. In fact, PDMS-
MA acts as lubricant to soften the UV-crosslinked hydrogels and hence decreases its compressive modulus. 
Interestingly, similar glass transition temperature was observed for both A4 and A7 UV-crosslinked hydrogels from 
DSC analysis probably due to overwhelming effect of PEGDA domains. Nevertheless, lower glass transition 
temperature indicated that the retention of flexibility after UV-crosslinked. In conclusion, the combined result of ESR 
and DMA data shows that the A1, A4 and A7 fabricated hydrogels are suitable to be used in cartilage tissue 
engineering application because their ESR % and compressive modulus are approach to that of human articular 
cartilage. 
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